The seasonal abundance of hymenopteran parasitoids reared from the agromyzid leafminer Chromatomyia horticola was monitored on garden pea in Shizuoka, central Japan, for 17 months between 2004 and 2005. The leafminer was abundant during the cool seasons (December to May) but parasitoid populations generally lagged behind the leafminer by approximately two months. Twenty-one parasitoid species were reared from C. horticola, and the most abundant parasitoid species were Diglyphus isaea, D. minoeus and Chrysocharis pentheus, comprising ca. 90% of the total number caught. Diglyphus isaea and D. minoeus were abundant during the cool season (December to May), while C. pentheus was abundant in the warm season (May to June). Other common parasitoid species were Dacnusa nipponica, Neochrysocharis formosa and Halticoptera circulus. The effects of two insecticides, malathion and tralomethrin, on parasitoid populations were investigated both in the cool and warm seasons. The insecticides caused a reduction in the density of most parasitoid species for at least one month and resulted in resurgence of the leafminer. However, the density of H. circulus increased after insecticide applications, suggesting that this parasitoid was tolerant to both insecticides but H. circulus could not reduce C. horticola populations when insecticide applications were made to the crop. These studies provide insight into the development of integrated control strategies of leafminer pests in field and glasshouse crops.
INTRODUCTION
In Japan, the endemic leafminer Chromatomyia horticola (Goureau) (Diptera: Agromyzidae) has been reported as causing serious economic damage to winter and spring vegetables, particularly garden pea, lettuce and Japanese radish since the late 1990s (Saito, 2004a) . Part of the reason for the relatively recent rise in its pest status may be because the leafminer has developed high levels of resistance to a range of insecticides, coupled with a reduction in parasitism which has been observed after insecticide applications in commercial garden pea fields (Saito, 2004b) . It is possible that outbreaks of C. horticola might be insecticide-induced, as has been reported previously for Liriomyza spp. (e.g., Oatman and Kennedy, 1976; Johnson et al., 1980; Schuster and Price, 1985; Saito et al., 1996) . Locally abundant parasitoids may be key natural enemies which regulate leafminer populations; however, the seasonal abundance of parasitoids affecting C. horticola is largely unknown, and the effects of insecticide applications on the parasitoid complex of this pest species have not been examined experimentally. In this paper, C. horticola and associated parasitoids were monitored for 17 months on garden pea. Additionally, the impact on parasitoid complexes of two insecticides registered to control leafminers on garden pea was evaluated under different seasonal conditions.
MATERIALS AND METHODS
Seasonal abundance studies. Experiments were conducted at the Shizuoka Agriculture Experiment Station in Iwata, Shizuoka, Japan. Garden pea, Pisum sativum L., cultivar "Narikoma", was sown four times in order to carry out studies over a 12-month period. Sowing dates were 30 October 2003, and 21 May, 7 September and 14 December 2004. For each sowing, three beds were prepared, each measuring 25 m long and 1.5 m wide with intervals of 2 m between beds, and the beds were sown in different areas of the experimental field to avoid overlapping treatment effects. Sampling was started when garden pea plants were about 50 cm tall and continued at approximately monthly intervals until the lower and middle leaves were dead. In each sample period, six shoots were collected from the center of each bed. The total length of six shoots varied from 3-20 m. Pea shoots were loosely wrapped with a paper towel and placed in a plastic chamber (each 25ϫ35ϫ25 cm with a mesh cover). Samples were kept at 25°C with a 16L : 8D photoperiod in growth chambers for one month, after which the number of emerged adult parasitoids and leafminers were counted. Parasitoid adults were identified using taxonomic keys by Konishi (1998) , with assistance from Dr. K. Konishi (National Agricultural Research Center for Hokkaido Region, Japan) and Dr. K. Kamijo (Hokkaido, Japan) . Data are presented as the number of leafminers or parasitoids per meter of shoot sampled.
Effects of insecticides. Two insecticides, malathion 50 EC (organophosphate: Nissan, Tokyo) and tralomethrin 1.6 EC (pyrethroid: Nihon Soda, Tokyo), were used since both are registered for the control of leafminers in garden pea. Two trials were conducted to evaluate the effects of the insecticides on parasitoids and leafminers. The first trial was carried out using garden peas sown on 7 September 2004. The first application was made on 21 October 2004 and nine insecticide applications were carried out at weekly intervals, except for the last application when there was a two-week interval before the application. After insecticide application, insect sampling was carried out until May 2005. The second trial was carried out using garden peas sown on 14 December 2004. Two applications were made on 9 and 16 April 2005 and sampling was carried out over one month.
The trials were carried out in an area of the study area which was more than 20 m from the seasonal abundance studies. Each plot, including a non-treated plot, consisted of three beds and buffer zones of 3 m as bare earth between each plot to minimize the effects of spray drift to adjacent plots. Applications were made at recommended field rates of 1 g/L and 0.5 g/L, for malathion and tralomethrin, respectively, using a shoulder-held sprayer. Pea shoots for leafminer and parasitoid densities were sampled at weekly or monthly intervals and emerged adult parasitoids and leafminers were assessed using procedures described previously. During each trial, the total lengths of pea shoots sampled from each plot varied from 10 to 20 m.
RESULTS

Seasonal abundance
Chromatomyia horticola was the dominant leafminer species (98.6%) and only a very small number of L. sativae (1.4%) were recorded on garden peas during the 17-month sampling period (Table 1) . Chromatomyia horticola was found throughout the year except in August and the highest density of parasitoids (ca. 91 individuals per meter of shoot Twenty-one parasitoid species belonging to three families (Braconidae: 2, Eulophidae: 15, Pteromalidae: 4) were obtained from the field studies. Of these, Diglyphus isaea (Walker), D. minoeus (Walker) and Chrysocharis pentheus (Walker) were the most abundant, comprising ca. 90% of the total numbers reared. Neochrysocharis formosa (Westwood), Halticoptera circulus (Walker) and Dacnusa nipponica Takada were also relatively common (Table 1) . Seasonal abundances of the parasitoid species are shown in Fig. 2 . Diglyphus isaea, D. minoeus and D. nipponica were abundant during the cool season (December to May), C. pentheus was abundant in the warm season (May to June), N. formosa was most numerous in the hot season (September), and H. circulus was abundant during both the cool and warm seasons (January, June and April).
Insecticide trials
Effects of insecticide applications on the leafminer parasitoid complex were examined under seasonal conditions when parasitoids were less abundant (first trial) and most abundant (second trial). In the first trial, densities of all parasitoid species decreased after insecticide applications, while there was an increase in leafminer densities (Fig. 3) . Three months after the last insecticide application, densities of parasitoids and leafminers in both insecticide plots were similar to those in the untreated control plot. Six parasitoid species were commonly reared from leafminers in the control plot, namely: D. isaea, D. minoeus, C. pentheus, H. circulus, N. formosa and Hemiptarsenus varicornis (Girault) . In both insecticide plots, D. isaea, D. minoeus, C. pentheus and N. formosa suffered density decreases, while H. circulus increased in density and H. varicornis did not decrease in the tralomethrin plot (Fig. 4) .
During the second trial, densities of parasitoids decreased and the density of leafminers increased after insecticide applications, but approximately one month after the last insecticide application, densities of parasitoids and leafminers in both insecticide plots were similar to those in the control plot (Fig. 5) (Fig. 6) . Overall, the second trial showed results similar to the first trial.
DISCUSSION
This is the first report on the seasonal abundance of C. horticola and its parasitoid complex in Japan. Our studies showed that C. horticola was most 620 T. SAITO et al. abundant from December to March, but the abundance of parasitoids regularly lagged behind host leafminers by approximately two months. More than 30 species of parasitoids have been recorded from leafminers, including C. horticola and L. trifolii, in Japan (Kamijo, 1978; Takada and Kamijo, 1979; Konishi, 1998) . Takada and Kamijo (1979) during the cool season, C. pentheus was abundant in the warm season and N. formosa was most numerous in the hot season, while H. circulus was abundant in the cool and warm seasons. Hondo et al. (2006) demonstrated that D. isaea, D. minoeus and C. pentheus are adapted to low ambient temperatures and N. formosa is adapted to high temperatures, based on laboratory studies of reproductive rates and threshold temperatures for development. Our field studies generally support these findings, except for C. pentheus, which was abundant in the warm season.
In both insecticide trials, malathion and tralomethrin clearly reduced the densities of para-622 T. SAITO et al. sitoids with a concomitant increase of the pest leafminer population. The residual impact of insecticide applications against parasitoids in the second trial was shorter than in the first trial, possibly due to different numbers of applications, and/or more immigration by parasitoids into the plots from outside the trial area in the second trial. Nevertheless, selective insecticides that are effective against leafminers but relatively harmless to parasitoids, e.g., flufenoxuron (Saito et al., 1996) , cyromazine (Prijono et al., 2004) or abamectin (Weintraub, 2001) , would be preferable to broad spectrum insecticides such as malathion and tralomethrin.
The parasitoid H. circulus is an important natural enemy of Liriomyza spp. in California (Oatman, 1959) , Canada (Bahlai et al., 2006) and Hawaii (Johnson, 1987) , and was also an important parasitoid of C. horticola in our studies. Interestingly, the density of H. circulus increased after applications of malathion and tralomethrin. Trumble and Toscano (1983) previously reported that H. circulus was tolerant to methomyl and methamidophos in field studies. These findings suggest that this parasitoid is tolerant to a wide range of insecticide compounds. H. varicornis was reared from leafminers when frequent applications of insecticides, including pyrethroids, were made to a glasshouse gerbera (Saito et al., 1996) . In the current study, tralomethrin and malathion, did not decrease the numbers of H. varicornis or D. nipponica, respectively; however, the numbers of both species reared were extremely small and possible insecticide tolerance needs to be further investigated in laboratory experiments. Murphy and LaSalle (1999) reported that exotic leafminer populations can decline a few years after invasion into a new geographical range, possibly due to the action of local natural enemies, particularly polyphagous parasitoids. The exotic leafminer L. trifolii declined naturally in the initial invasive area of Shizuoka around 1994 after being first recorded in 1990 (Saito, 2006) , suggesting that polyphagous parasitoids of endemic leafminers, including C. horticola, had rapidly extended their host range to L. trifolii. In fact, dominant parasitoid species such as C. pentheus and N. formosa reared from C. horticola in the present survey were obtained from L. trifolii (Saito et al., 1996) . In addition, parasitoid complexes were also found to be similar for both C. horticola and exotic Liriomyza spp. in field experiments of kidney beans infested by different leafminer species (Amano et al., 2008) . Doi et al. (2005) and Baeza Larios and Ohno (2007) are currently investigating a biological control strategy against Liriomyza spp. in glasshouse tomato by using garden pea plants infested with parasitized C. horticola so that emerging parasitoids switch host to the exotic leafminer species. This method has the advantage that C. horticola rarely infests tomato.
